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The focus of this study is to estimate the contribution of regional anisotropic conductivity on the
spatial distribution of an induced electric field across gray matter (GM), white matter (WM), and
subcortical regions under transcranial direct current stimulation (tDCS). The assessment was
conducted using a passive high-resolution finite element head model with inhomogeneous and
variable anisotropic conductivities derived from the diffusion tensor data. Electric field
distribution was evaluated across different cortical as well as subcortical regions under four
bicephalic electrode configurations. Results indicate that regional tissue heterogeneity and
anisotropy cause the pattern of induced fields to vary in orientation and strength when compared
to the isotropic scenario. Different electrode montages resulted in distinct distribution patterns
with noticeable variations in field strengths. The effect of anisotropy is highly montage dependent
and directional conductivity has a more profound effect in defining the strength of the induced
field. The inclusion of anisotropy in the GM and subcortical regions has a significant effect on
the strength and spatial distribution of the induced electric field. Under the (C3Fp2) montage,
the inclusion of GM and subcortical anisotropy increased the average percentage difference in the
electric field strength of brain from 5% to 34% (WM anisotropy only). In terms of patterns
distribution, the topographic errors increased from 9.9% to 40% (WM anisotropy only) across the
brain. Bioelectromagnetics 9999:117, 2013. © 2013 Wiley Periodicals, Inc.
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INTRODUCTION
Transcranial direct current stimulation (tDCS) is
a non-invasive and non-convulsive procedure to regu-
late cortical excitability. The technique involves the
application of weak direct current (12mA) applied
via large (2535 cm2) electrodes to modulate cortical
excitability during and after stimulation. In tDCS, the
cortical excitability is regulated in a polarity-depen-
dent manner, where anodal stimulation generally
enhances spontaneous neural activities and cathodal
stimulation is attributed to attenuation or inhibition
[Nitsche and Paulus, 2000]. The procedure is easy to
administer and economically attractive. Depending
upon the time of exposure, the effects of tDCS can
outlast the stimulation period (the after effect) and can
sustain for few hours [Nitsche and Paulus, 2001;
Nitsche et al., 2003]. Unlike the direct effect of tDCS,
which does not significantly alter the synaptic plastici-
ty, pharmacological-based studies suggested that the
after effect requires a combination of glutamatergic
and membrane mechanisms, which are similar to
neuroplastic phenomena of long-term potentiation
(LTP) and long-term depression (LTD) [Liebetanz
et al., 2002; Nitsche et al., 2004]. tDCS can also
interfere with cortical excitability via intra-cortical and
corticospinal neurons [Ardolino et al., 2005; Nitsche
et al., 2005]. Studies on peripheral nerve and spinal
cord demonstrated the involvement of non-synaptic
mechanisms on the after-effect of stimulation [Ardo-
lino et al., 2005; Cogiamanian et al., 2008].
The efficacy of tDCS to instigate lasting neural
modulation has prompted its use as a therapeutic tool
in a number of psychiatric and neurological disorders
[Fregni et al., 2005a,b, 2006a,b]. Despite its extensive
use, the spatial distributions of induced electric field
(E) and current density (J) inside the brain are not well
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understood. These field parameters (E/J) are consid-
ered directly responsible for eliciting the acute modifi-
cation of membrane polarization (the direct effect) and
indirectly for the occurrence and duration of the after
effect [Nitsche et al., 2008]. Variability in behavioral
feedback depends on these induced field parameters.
However, the strength and distribution patterns of
induced E-fields are highly susceptible to changes in
stimulation parameters, such as: stimulation dose
intensity, anatomical variations, and material composi-
tion. The information on the effects of these stimula-
tion parameters on induced E-fields would be
immensely valuable for understanding the resulting
functional behavior.
To elucidate the behavior of spatial distribution
of induced E-fields most of the studies to date have
employed either oversimplified spherical head models
[Miranda et al., 2006, 2009; Datta et al., 2008] or
geometrically simplified low resolution head models
[Wagner et al., 2007; Im et al., 2008]. More recent
studies used high-resolution isotropic models to ex-
plore the role of regional morphology on the strength
of the induced E-field [Datta et al., 2009; Miranda
et al., 2013]. Studies such as Suh et al. [2010, 2012]
used white matter (WM) and skull anisotropy in their
estimates of E-fields. However, the models in these
studies were composed of only five regions, that is,
the scalp, skull, cerebrospinal fluid (CSF), gray matter
(GM), and WM, therefore, the role of tDCS in
stimulating deep brain regions was not covered in
details. Another important aspect, which has not been
considered in these studies, is the influence of non-
cortical tissues on cortical electric field strength and
distribution [Shahid et al., 2012].
Studies such as Suh et al. [2012] and Shahid
et al. [2013] used a model-based approach to explore
the importance of electric field and current density
sensitivity on the bases of conductivity variation and
the selection of the right technique to define the WM
anisotropic conductivities, respectively. However,
these assessments were carried out using a single
electrode montage with brain anisotropic conductivity
profile restricted to the WM region only.
The discussion on the impact of GM and subcorti-
cal anisotropy on field parameters has been elusive so
far. Although, in some recent model-based studies, the
role of tDCS stimulation on deep brain regions was
investigated [Sadleir et al., 2010; Parazzini et al., 2011;
DaSilva et al., 2012; Parazzini et al., 2012]. These
isotropic studies reported significant E-field strength in
multiple subcortical regions associated with migraine
and tinnitus pathophysiology. Nevertheless, changes in
deep brain current due to the presence of sub-cortical
anisotropy were not investigated.
Using in vivo measurements on monkeys, Log-
othetis et al. [2007] suggested that the GM is
tangentially isotropic. However, studies such as Hoelt-
zell and Dykes [1979] and Komlosh et al. [2007]
reported regional anisotropic behavior in the cortex.
Since the site and strength of the E-field and its
associated current density is coupled with conductivity
variations, this may account for the variability in
stimulation thresholds with oriented magnetic stimula-
tions [Kammer et al., 2007]. Wolters et al. [2006]
suggested the use of anisotropic estimation by employ-
ing diffusion tensor imaging (DTI) in subcortical
regions and GM to get more realistic assessments on
electroencephalography (EEG) and magnetoencepha-
lography (MEG) source localization. Therefore, it has
been considered necessary to evaluate the influence of
GM and subcortical anisotropy on the spatial distribu-
tion of the induced E-field. Another important factor is
regional tissue heterogeneity, which can further com-
plicate the field patterns.
Using the model-based approach (predictive
modeling) Miranda et al. [2006], Wagner et al. [2007],
and Datta et al. [2008] investigated the importance of
stimulation dose parameters such as electrode topolo-
gies, electrode size, electrode shape, and injection
current on cortical electric field and current density
distributions. In most of the cases, tDCS electrode
montage is bicephalic, where both electrodes are place
at different locations on the scalp [Nitsche and
Paulus, 2000]. Other schemes, such as one anode and
two cathodes [Miranda et al., 2006] and two anodes
and two cathodes, have also been exploited [Ferrucci
et al., 2008]. One of the limitations of a bicephalic
montage is the difficulty in isolating the effect induced
by the reference electrode (cathode) therefore, under
certain circumstances, extra-cephalic reference electro-
des are favored [Cogiamanian et al., 2008; Im
et al., 2012]. Conflicting clinical reports on the role of
extra-cephalic electrode in interfering with brainstem
cardio-respiratory modulation mechanisms have, to
some extent, limited its scope in clinical studies
[Lippold and Redfearn, 1964; Redfearn et al., 1964;
Monti et al., 2008; Vandermeeren et al., 2010].
In this study, the high resolution and structurally
detailed finite element human head model is composed
of 19 anatomical regions. The masks of various
regions were visually inspected and compared with the
brain atlas [Woolsey et al., 2008]. Tissue anisotropy
was estimated into the model using the DTI atlas.
Anisotropic conductivity was assigned not only to the
WM but also to the GM and the individual subcortical
regions. Inhomogeneity among anisotropic regions
was implemented by adjusting the scaling factor
according to the isotropic values of the respective
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tissues, whereas, local tissue heterogeneity was de-
rived from the measured diffusion tensor data. In the
second part of the study, the role of electrode
configuration (in conjunction with brain anisotropy)
was evaluated using four conventional montages. The
specific head model, electrode montages and the
regions of interests (ROI) were simply exemplary,
with the goal of illustrating the importance of electrode
montage and regional anisotropy in shaping the
resulting electric field.
Previous studies lack morphological intricacies
and material (tissue) heterogeneities and anisotropic
composition necessary to determine more realistic
assessment of field variables (E/J). In our assessment,
we utilized the variations in magnitude of the induced
electric field and divergence in its orientation to
estimate the impact of various tissue heterogeneities
and anisotropic profiles. Our isotropic model demon-
strated a close agreement with previous studies (isotro-
pic case) and the variation in results due to the brain
anisotropy suggested the need to incorporate tissue
directional conductivity in cortical and subcortical
structures for accurate estimation of induced E-field.
The proposed study evaluated the impact of brain
anisotropy under different conventional electrode mon-
tages. The results showed that the influence of anisotro-
py on E-field strength and distribution was highly
montage dependent. Anisotropic conductivity can facil-
itate field enhancement or attenuation and the intensity
of such a variation depends on the induced current
alignment with local fiber architecture. Therefore, it is
not reasonable to generalize the contribution of aniso-
tropic conductivity by just relying on a single electrode
montage. The framework proposed in this study can be
exploited to rapidly develop subject-specific models
using subject-specific magnetic resonance imaging
(MRI) and DTI datasets. In predictive modeling, such
an approach is essential to address the role of individual
anatomical variations and tissue directional conductivi-
ty composition on field parameters.
MATERIALS AND METHODS
Head Model Construction
Three scalar MRI volumes consisting of T1, T2,
and proton diffusion (PD) weighted MRI datasets were
obtained from the publically available dataset, the
BrainWeb [Cocosco et al., 1997]. These high-resolu-
tion volumes are based on a set of realistic MRI data
generated by a powerful MRI simulator [Aubert-
Broche et al., 2006]. Each volume (modality) is
composed of 181 217 181 slices of 111mm3
isotropic voxel resolution. Each scalar volume (T1,
T2, and PD-MRI) is preregistered to the Montreal
Neurological Institute standard space (MNI-152). The
T1-weighted MRI volume was used to manually
segment the GM, WM, subcutaneous fat, eye muscles,
muscles of mastication, eye (sclera), eye lens, and
scalp tissues. The T2-weighted MRI volume was used
to trace the CSF voxels and the inner skull boundaries
were segmented using the PD-MRI dataset. These
regions were segmented using the commercially
available software ScanIP (Simpleware, Exeter, UK).
Using the functional magnetic resonance imaging of
brain (FMRIB) software library (FSL, Oxford, UK),
brain extraction tool (BET), and automated segmenta-
tion tool (FAST) additional masks of scalp, skull, CSF,
GM, and WM were generated [Smith et al., 2004].
The FSL integrated registration and segmentation tool
(FIRST) was used to obtain the masks of subcortical
regions using the T1-weighted MRI dataset [Patenaude
et al., 2011]. The complete list of the subcortical
regions used in this study is illustrated in Table 1. In
the last step, masks of the scalp, skull, and CSF
obtained from the FSL were compared with the masks
generated by the ScanIP to introduce superior orbital
and inferior orbital fissure. The tissue classification
was further assisted by a cross comparison with the
brain atlas [Woolsey et al., 2008].
Three-dimensional model construction and tetra-
hedral mesh generation was conducted in the ScanIP.
In the same package, regions such as pons, medulla,
brainstem, and cerebellum were combined to form the
hindbrain. Two square electrodes of approximately
25 cm2 area each were modeled in ScanCAD (Simple-
ware, Exeter, UK). Due to scalp curvature, the
electrode thickness varied from 2 to 5mm. In the base
model, electrodes were placed at the approximate
location of C3 (M1-motor cortex area) and Fp2
(Contralateral supra-orbital region). These locations
were derived from the international 1020 EEG
system. This square electrode configuration was
selected based on its significance in modulating the
primary motor cortex [Utz et al., 2010]. In this study,
the 25 cm2 electrode size was selected as several
human clinical trials of tDCS used this particular
electrode size [Hummel et al., 2005; Iyer et al., 2005].
In total, 19 anatomical regions were classified and the
tetrahedral mesh of the base model consisted of more
than 2 million tetrahedral elements. In order to achieve
greater accuracy, the mesh generation algorithm in
ScanIP was fine-tuned to obtain higher mesh density
in the regions close to the electrodes, GM, WM, and
subcortical regions.
The International Consortium of Brain Mapping
(ICBM) DTI atlas (ICBM-DTI-81) was used to obtain
the co-registered fractional anisotropy (FA), principal
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diffusion direction and diffusion tensor maps. The
ICBM-DTI-81 is a stereotaxic probabilistic atlas that
is preregistered to the ICBM-152 anatomical template.
The vector dataset has a resolution of 111mm3
and the data size of 181 217 181 6. The diffu-
sion tensor data were linearly translated from the
image coordinate system to the rectangular coordinate
system and the tensor information was mapped over
the volumetric mesh using the cubic interpolation. The
co-registered maps (spatial and vector directions) can
be seen in Figure 1b,h.
Conductivity Assignment
The average isotropic conductivity values
assigned to the segmented tissues are listed in Table 1.
Three additional models were derived from the base
model (I1) by assigning different conductivity values
to the cortical and subcortical regions. Model I1 has
all the 19 regions and each region is assigned with its
respective isotropic conductivity value (sISO). In
model I2, only WM has the directional conductivity.
Model I3 has all the cortical and sub-cortical structures
being anisotropic; however, the average isotropic
value of the brain is kept at 0.15 S/m. In model I4, the
reference isotropic conductivities (sISO) are the same
as that of I1 (inhomogeneous). Cortical and sub-
cortical regions are assigned heterogeneously defined
anisotropic conductivities (s). The details of conduc-
tivity assignment are described in Table 1. In this
study, Model I3 has been considered to determine the
sensitivity of simulation results due to variations in
GM, WM, and subcortical regional conductivities.
Translation of Diffusion Tensor to Conductivity
Tensor
In transcranial electric stimulation (TES) and
transcranial magnetic stimulation (TMS), the conduc-
tivity of large intracellular volumes cannot be ignored.
In this study, the linear conductivity to diffusivity
relationship based on the effective medium approach
[Tuch et al., 1999] or its derivative [Hallez
et al., 2008, 2009] was not considered. Additionally,
this linear relationship is not well correlated at intra-
tissue level, although, a well-defined linearity was
analyzed on inter-tissue level [Kim et al., 2001].
Therefore, the procedure proposed by Miranda et al.
[2001] was exploited. In this method, a diffusion
tensor (D) of a brain is related to the conductivity
tensor (s) by a scaling factor, which is based on the
ratio of a given isotropic conductivity trace (3sISO) to
the measured diffusion tensor trace (DxxþDyyþDzz):
s ¼ 3sISO
traceðDÞD ð1Þ
This equivalent isotropic trace approach esti-
mates the anisotropic conductivity distribution based
on the inherent variability in a diffusion tensor and at
TABLE 1. Conductivity Assignment
Materials
Conductivity, S/m
ReferenceI1 I2 I3 I4
Scalp 0.43 0.43 0.43 0.43 Holdefer et al. [2006]
CSF 1.79 1.79 1.79 1.79 Baumann et al. [1997]
Subcutaneous fat 0.025 0.025 0.025 0.025 Gabriel et al. [1996a]
Eye-muscles/muscles of mastication 0.16 0.16 0.16 0.16 Gabriel et al. [1996b]
Eye 0.5 0.5 0.5 0.5 Gabriel et al. [1996a]
Eye-lens 0.31 0.31 0.31 0.31 Gabriel et al. [1996b]
Skull 0.015 0.015 0.015 0.015 Oostendorp et al. [2002]
GM 0.32 0.32 Aniso Aniso Goncalve et al. [2003]
WM 0.15 Aniso Aniso Aniso Nicholson [1965]
Hindbrain 0.25 0.25 Aniso Aniso Average brain conductivity,
Geddes and Baker [1967]
Thalamus 0.32 0.32 Aniso Aniso Goncalve et al. [2003]
Hippocampus 0.32 0.32 Aniso Aniso Goncalve et al. [2003]
Fornix crura 0.32 0.32 Aniso Aniso Goncalve et al. [2003]
Caudate nucleus 0.32 0.32 Aniso Aniso Goncalve et al. [2003]
Globus pallidus par externa 0.32 0.32 Aniso Aniso Goncalve et al. [2003]
Globus pallidus par interna 0.32 0.32 Aniso Aniso Goncalve et al. [2003]
Putamen 0.32 0.32 Aniso Aniso Goncalve et al. [2003]
Red nucleus 0.25 0.25 Aniso Aniso Average brain conductivity,
Geddes and Baker [1967]
Sponge pads 0.14 0.14 0.14 0.14 Datta et al. [2009]
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the same time, constraints the magnitude of a conduc-
tivity tensor by the ratio of its isotropic conductivity
trace. Unlike the effective medium approach [Tuch
et al., 1999] or its derivative [Hallez et al., 2008,
2009] where only the principal eigenvector and its
associated eigenvalue is used, the equivalent isotropic
trace algorithm utilizes the entire diffusion tensor
information to define the conductivity distribution.
The use of complete diffusion tensor information,
rather than the main eigenvector, has demonstrated to
generate much smoother fiber tract reconstruction
along with an improvement in fiber propagation in
regions of low anisotropy such as the GM and fiber
crossing regions [Lazar et al., 2003; Tensaouti et al.,
2009].
For a real positive definite symmetric tensor, the
eigenvalues are always real (positive and non-zero)
and the eigenvectors are orthogonal to each other.
Under the assumption that in DTI the water self-
diffusion is characterized by a multivariate Gaussian
distribution, the diffusion tensor can be considered a
covariance matrix describing the translational dis-
placement of diffusing molecules. Therefore, the
diffusion tensor can be represented by an ellipsoid
highlighting the probabilistic nature of molecular
diffusion at a voxel scale [Shimony et al., 1999; Le
Bihan et al., 2001]. The axes (shape) of diffusivity/
conductivity ellipsoid are defined by the three eigen-
values and its orientation (three principal axes) is
defined by the corresponding principal eigenvector.
Hence, the strength of a conductivity tensor is
represented by its principal eigenvalue and its orienta-
tion by the corresponding eigenvector. Using an
arbitrary coronal slice, Figure 1h,i illustrates the
ellipsoidal representation of the conductivity tensor of
model I4. The volume of WM ellipsoids is variable
Fig. 1. a: The zoomed section of the coronal slice of the head model illustrating the volumetric
tetrahedralmeshacrossvariousregionsof thehumanhead. b: Arbitrary coronal slice illustrating
various segmented regions of the head model. c: Position of electrodes in C3Fp2 electrode
configuration. d: Volumetric representation of skull and muscles of mastication. e: Volumetric
depictionofGM,hindbrain, eyes,eyelens, andeyemuscles. f:Whitematterandhindbrain.g:Sub-
cortical structures such as hippocampus, caudate nucleus, putamen, thalamus, fornix, globus
pallidusparexterna, globuspalliduspar interna, andrednucleus. h:Posterior viewofanarbitrary
coronalslicerepresenting theanisotropic conductivitydistributionacrossGM,WM, andsubcorti-
calregionsintheformofconductivityellipsoids. i:Zoomedout regionfrom(h) illustratingvariation
in themagnitude and degree of alignment among conductivity tensors across the GM,WM, and
subcorticalregions.
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and smaller than that of the GM and subcortical
structures. This behavior is indicative of the role of
average isotropic conductivity (sISO) values used in
Equation (1).
Additional Electrode Configurations
To assess the role of electrode location on the
strength and distribution of the induced E-field, three
additional electrode configurations were used. Mon-
tages F3Fp2, P3Fp2, and C3C4 were selected
based on recent reports by DaSilva et al. [2011] and
Utz et al. [2010]. In each case, the area of each square
electrode is fixed at 25 cm2. Locations of anodes (F3,
P3, and C3) and cathodes (Fp2 and C4) were derived
from the EEG 1020 system. Figure 6, Column 1,
shows the location of these configurations on the head
models. For each montage the electric current of 1mA
was maintained.
Electric Field Calculations Under Quasi-Static
Approximation
Under quasi-static approximation of Maxwell’s
equations, biological materials in the frequency range
of 010 kHz exhibit strong resistive behavior [Malmi-
vuo and Plonsey, 1995]. Therefore, the E-field inside a
volume conductor can be determined by:
E ¼ rV ð2Þ
where V is the potential difference and by using Ohm’s
law the current density (J) associated with induced E-
field (E) can be obtained by:
J ¼ sE ð3Þ
where s is the electric conductivity of a material and
for anisotropic medium such the brain, this directional
behavior can be represented by a symmetric 3 3
tensor.
In a clinical setup of tDCS, two relatively large
sponge pads enclosed in conductive rubber are usually
used. The region of saline soaked pads in contact with
skin defines the functional parameters of an electrode.
At the point of electrodeskin contact, the current
distribution is not uniform. Due to the edge effect, high
current density zones are formed near the edges of
electrodes, therefore, electrodes with large surface area
are preferred over small EEG-like electrodes [Miranda
et al., 2006, 2009; Minhas et al., 2011]. Large electrode
minimizes the buildup of high skin current at the point
of contact and distributes the impact of high current
zones across the rim of electrode.
In this study, the exposed surfaces of cathodes
were assigned zero volts (V¼ 0, Dirichlet boundary
condition). Similarly, the exposed boundaries of the
anodes were assigned the Dirichlet boundary condition
(V¼V0). In each case, the applied voltage was read-
justed so that approximately 1mA of current flowed
through the anodes surfaces. The rest of the exposed
boundaries were considered electrically insulated
(n · J¼ 0), and continuity of the normal component
of J, (n · J1¼ n · J2) was preserved across all the inner
boundaries.
The models considered in this study were
electrically passive. The effects of initial electrical
state of neurons on J and E distribution, the role of
functional connectivity, neural connections, and neural
activation dynamics in the presence of an external
stimulation were ignored. Hence, the Laplace’s equa-
tion can be used to determine the induced E-field.
Under the assumption of quasi-static approximation,
the displacement current has a negligible role to play
[Jin, 2002]; models were solved in a commercial finite
element package Comsol Multiphysics 4.1 (Comsol,
Burlington, MA).
RESULTS
Impact of Tissue Anisotropy
To estimate the distribution of the E-field across
cortical and subcortical regions, model I1 was com-
pared to models I2, I3, and I4, respectively. In each
case, the anode was located at C3 and the cathode was
positioned at Fp2. Compared to model I1, it was
observed that anisotropy caused variations in the
strength of E-field hotspots across the cortex. Across
the GM, these hotspots were more prominent in deeper
regions of cortical sulci or walls of gyri, and were
dispersed across the left parietal, left frontal, and right
prefrontal lobs. The formation of active zones away
from regions directly under the electrodes is attributed
to the location of electrodes, convoluted geometry of
the cortex, and a highly conductive CSF layer, which
also acted as a region of high current density.
In comparing model I1 with the other three
models, it was observed that the highest magnitude of
E-field was recorded across model I3, as show in
Figure 2. This high electric field strength was attribut-
ed to the low average isotropic value (sISO¼ 0.15 S/
m) assigned to the GM, WM, and subcortical struc-
tures of model I3. In terms of directional conductivity,
the only variable between models I3 and I4 was the
scaling factor. Since this factor defined the amplitude
of the conductivity tensor and in the case of model I3,
there was a significant drop in the average conductivi-
ty values right across the GM. Consequently, this drop
substantially increased the magnitude of the E-field in
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model I3. The E-field distribution across the selected
ROI and subcortical regions also displayed the same
trend (Fig. 2a,b) and Figure 3. The location of Emax
corresponding to each model was traced using the
MNI coordinates with noticeable changes in their
locus. The approximate location of Emax for models I1,
I2, I3, and I4 corresponded to (16, 29, 2), (15, 13,
46), (40, 29, 16), and (22, 49, 3), respectively.
To further investigate the influence of directional
conductivity on the magnitude of E-field distribution,
the percentage differences between |EI1| and |EI2|, |EI3|
and |EI4| were estimated. Across the brain, the average
difference of 44.07% was calculated for comparison of
models (I3I1), whereas comparisons (I4I1), and
(I2I1) estimated the differences of 34.77% and
4.92%, respectively. In terms of topographic errors,
the highest variation across the cortex was recorded
for the comparison (I3I1), as shown in Figure 3c.
For the comparison (I4I1) brain recorded the topo-
graphic error of approximately 40%, whereas, WM
displayed the error of around 10%. Among the ROIs
in I4, the left supplementary motor area (SMA)
showed the highest magnitude of E-field (Emax/Emedian
¼ 503.7/233.3mV/m) (Fig. 3a,b). In terms of percent-
age difference between (I4I1), ROIs such as Motor
cortex (M1), Contralateral M1, and left SMA recorded
Fig.2. Inducedelectric fielddistributionacross(a)brainofmodels I1,I2,I3,and I4, (b)E-fielddistri-
bution across the selected regions of model I4, highlighting the complex distribution pattern
(from left to right) in the vicinity of cathode (Fp2), anode (C3), and supplementary motor area
(SMA). c: Inducedelectric field distributionacross the selected sub-cortical structuresofmodels
I1,I2,I3,andI4.
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3.33/1.65%, 5.72/1.17%, and 7.88/6.00% variation in
Emax/Emedian, respectively.
Figure 4 illustrates the pattern of percentage
difference in |E| across a posterior view of a coronal
slice and brain volume by comparing EI1 with EI2, EI3,
and EI4, respectively. In the case of comparison
(I2I1), large variations in |E| were observed across
the corpus callosum, corticospinal tract (pyramidal
tract), and cingulum (Fig. 4a). Since CSF, by virtue of
its highly conductive nature generated a strong current
distribution effect, the transition of this strong induced
current across relatively less conductive GM caused
the E-field strength (across the superficial layers of
GM) to increase as observed in Figure 4ac. Similar
patterns were observed across the GMWM bound-
aries in the WM as well as across subcortical
interfaces. Inclusion of anisotropy in the GM and
subcortical regions (I3 and I4) caused differences to
propagate further across these regions. In comparison
(I3I1), the large difference (ave 19%) was attribut-
ed to the low conductivity of the brain (0.15 S/m),
whereas, in comparison (I4I1), these additional
differences (ave 5%) were due to the inhomoge-
neous anisotropy of the GM and subcortical regions.
In model I3, the conductivity of the GM was 11.9
times lower than the conductivity of the CSF. On the
other hand, in model I4 the conductivity of GM was
5.59 times lower than that of the CSF.
The inclusion of anisotropy in a model effectively
changed the principal direction of local conductivity
Fig. 3. Variation in electric field magnitude and distribution patterns due to the inclusion of
four brain conductivity profiles under C3Fp2 electrode configuration. a: Comparison of Emax
across selected regions of a brain using four different head models. b: Comparison of Emedian
across the selected regions of a brain using different head models. c: Topographic assessment
by comparing selected regions of each model with their respective isotropic counterparts.
d:StandarddeviationinE-fielddistributionsacrossvariousregionsoftheselectedheadmodels.
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tensor and these variations had an inverse impact on
the induced E-field. Figure 5 illustrates the posterior
view of a coronal slice containing GM, WM, and
subcortical structures. In order to assess the relation
between the induced E-field and the anisotropic
conductivity, the cosine of the angle between the
vector projection of EI4 with the principal eigenvector
of conductivity tensor, and the induced EI4 vector were
plotted (Fig. 5b). The scale from 0 to 1 indicates the
degree of alignment between these vectors. However,
comparing the E-field vectors of model I1 with that of
model I4 indicated that within the WM, the extent of
variation in the direction of local E-fields was not
significant. However, there were regions with a small
degree of deviation, which were more prominent in
the right hemisphere around the boundary of the
GMWM (Fig. 5c). On the other hand, the strength of
E-fields (EI1 and EI4) across high FA regions, such as
corticospinal tracts, showed substantial differences
(Figs. 4c and 5d). Regions where the directions of
E-fields were noticeably different occurred around the
interface of GMWM, and to a lesser extent on the
boundary interface of subcortical regions such as the
thalamus, hippocampus, fornix crura, caudate nucleus,
and hindbrain.
In the tDCS paradigm, the location of electrodes
is the major factor in defining the global direction of
current flow. In this scenario (C3Fp2) an anode was
placed over the left motor cortex causing a strong flow
of current to pass through the left cortical hemisphere.
As a result, the strength of the E-field across the left
hemispheric WM (pyramidal tracts) was higher than
the right one (Figs. 4 and 5d).
By comparing the directions of the local conduc-
tivity tensor (Fig. 5a) to the orientation of E-field
(Fig. 5c), it can be observed that regions where the
E-field vector was locally orthogonal (or close) to the
principal eigenvectors of the conductivity tensor,
exhibited high field strengths, compared to EI1. As an
example, high FA regions indicate the location of the
Fig. 4. Percentage difference in the strength of induced electric field across the posterior view
of a coronal slice and brain volume under C3Fp2 electrode configuration. a,d: Percentage
differencebetweentheelectric fieldsofmodel 2 (EI2) andmodel1 (EI1), i.e., comparison (EI2EI1).
b,e: Percentage difference between the electric fields of model 3 (EI3) and model 1 (EI1), i.e.,
comparison (EI3EI1). c,f: Percentage difference between the electric fields of model 4 (EI4) and
model1 (EI1), i.e., comparison (EI4EI1).
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well defined and highly parallel fibers of pyramidal
tracts, corpus callosum, and cingulum (Fig. 5a). Local-
ly, the E-field was highly transverse across pyramidal
tracts and corpus callosum and relatively parallel to
the cingulum. As a result, the strength in corticospinal
tracts and corpus callosum was high, whereas, across
the cingulum, it dropped (Figs. Fig. 4 and 5d). As
expected the E-field distribution of model I3 was
significantly different from models I2 and I1. In model
I3, the WM as well as the GM and subcortical
structures were anisotropic with a single low scaling
factor. High field strength was recorded across the
pyramidal tracts and its associated GM. Model I4
displayed a distinct spatial E-field distribution, com-
pared to model I3. This disparity was attributed to the
degree of variability within the scaling factor. Because
of this inhomogeneity in conductivity distribution, the
spatial distribution of EI4 is less exacerbated compared
to EI3.
Electrode Montage Variation
The influence of electrode montage variation on
the strength and distribution of the induced E-field is
shown in Figure 6. By using four selected configurations,
Fig. 5. Orientation analysis, highlighting the role of tissue heterogeneity and anisotropy on the
direction of the induced electric field under C3Fp2 electrode configuration. Posterior view of a
coronal slice, containing the GM,WM, andsubcortical regions. a:Fractionalanisotropy (FA) map
obtainedfromthemeasureddiffusiontensordata.Regionsofhighanisotropyareshowninredand
yellowcolors,whereas, contrastsofbluecolorindicateregionsoflowanisotropy.Fiberorientation
ismarkedbyblack lines. b:Cosine of theparallel component of EI4 (vector projectionof EI4 on the
principaleigenvectors of the conductivity tensor) andEI4 vector.Regionsof strongalignment are
shown in red and yellow, whereas, contrasts of blue illustrate regions of strong orthogonallity.
c:Projectionof normalized EI1 (blue arrows) andEI4 (red arrows) along the plane. d:Projection of
non-normalizedEI1 (bluearrows)andEI4 (redarrows)vectorsalongtheplane.
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it was observed that these electrode montages resulted
in distinct field patterns with noticeable variations in
their strengths. From the third column of Figure 6, it
can be observed that the hotspots across the cortex
were mostly confined between and in the proximity of
electrodes. Columns 2 and 4 highlight the complex
field distribution and field variations caused by
electrode variations and brain anisotropy, respectively.
Similarly, Column 5 shows the field distribution across
the selected subcortical regions.
Generally, it is expected that, with an increase
in the distance between the electrodes, the strength of
Fig.6. RoleofelectrodemontageandanisotropyinshapingtheinducedE-field, (a)C3Fp2elec-
trodemontage, (b)F3Fp2montage, (c)P3Fp2montage,and(d)C3C4montage.
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E-field would be enhanced in the brain [Parazzini
et al., 2012]. For example, montage P3Fp2 resulted
in a more scattered and diffused distribution with high
field strength in the selected regions (GM, WM, and
hindbrain) whereas, configuration F3Fp2 displayed
the lowest field strength in the GM and WM.
However, subcortical regions such as the caudate
nucleus and putamen (Basal ganglia) showed field
strengths comparable to the P3Fp2 montage. There-
fore, it appears that distance between the electrodes is
not as important as their relative locations [Wagner
et al., 2007]. For example, in the case of C3Fp2 and
C3C4, comparable field strengths were observed in
the GM and WM (Emax/Emedian). However, subcortical
regions showed distinct field distributions. In P3Fp2
montage, high field strengths were observed in the
thalamus and hippocampus. In the case of C3C4,
symmetric field distribution across the caudate nucleus
and putamen can be seen (Fig. 6d, Column 5). In the
case of P3Fp2 and F3Fp2, left portions of these
sub-cortical regions were subjected to high field
strengths due to their proximity to the stimulating
electrodes.
It was observed that the effect of anisotropy was
montage specific. For example, the inclusion of brain
anisotropy in C3C4 and F3Fp2 montages in-
creased the field strength (Emax/Emedian) in WM by 46/
5.5% and 25/5.5%, respectively, whereas in P3Fp2
and C3Fp2 the enhancements were 7/3.4% and 9/
4.1%, respectively. On the other hand, hippocampus
showed a drop (Emedian) of 6.5/6.6/1.9/5%, (C3C4)/
(F3Fp2)/(P3Fp2)/(C3Fp2). The inclusion of py-
ramidal tracts (anisotropy) in the models enhanced the
field strength across these pathways (Fig. 6, Column
4). This field enhancement propagated further in the
symmetric configuration and, as a result, montage
C3C4 showed high magnitude and topographic
variations across most of the selected domains
(Fig. 7b,c). Across the considered montages, the
approximate percentage drop between the Emax/Emedian
Fig. 7. Comparison of various electrode montages across the selected regions based on (a)
Emax, (b)Emedian,and(c) percentageRDM(topographicvariation).
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of isotropic hippocampus and isotropic GM was 28/
16% for C3Fp2 and P3Fp2 whereas, F3Fp2 and
C3C4 recorded around 53/4.4% and 61/15% drop.
In the anisotropic case, C3Fp2, P3Fp2, F3Fp2,
and C3C4 recorded drops of 36/20%, 32/20%, 61/
12%, and 65/21%, respectively. Similarly, for fornix the
drops in (Emax) across montages (ISO/ANISO) were
38/40%, 32/30%, 55/58%, and 40/44%, respectively.
Since electric currents follow the path of least
resistance, the current would tend to align itself more
along the fiber pathways in the presence of anisotropy.
However, the major contributor in defining the general
flow of current is the relative position of electrodes.
Orthogonal current projection on fiber pathways
caused local E-field enhancement due to an abrupt
drop in the local conductivity (J¼ sE). In regions
away from the electrodes, where the driving effect of
electrodes was minimal, current flow deviated easily
from local drops in conductivity and, as a result, field
variations in such regions were minimal, in the
P3Fp2 versus C3C4 montage (Fig. 7c).
DISCUSSION AND CONCLUSION
In this study, a high-resolution finite element
head model and its derivatives were employed to
estimate the influence of tissue anisotropy on the
amplitude and orientation of the induced electric field.
These estimates were primarily made under the classi-
cal electrode configuration (C3Fp2), which has been
widely used in clinical practice to modulate the
primary motor cortex. It was observed that the impact
of anisotropic conductivity under various electrode
montages is not generalizable. Directional conductivi-
ty may facilitate field enhancement or attenuation. The
degree of such a variation depends on the flow of
current with respect to the orientation of fiber architec-
ture. Therefore, in our opinion, each montage should
be evaluated independently for its merits.
Under the general rule of thumb, an increase
in cortical electric field strength should be expected
when the separation between the scalp electrodes
increases. A recent review by Bikson et al. [2010]
emphasized the role of relative electrode position
on neuromodulation. Depending upon the specific
montage, increasing electrode separation may decrease
the strength of neuromodulation at a specific region
of interest. For example, in the putamen, Emax/Emedian
of F3Fp2 was higher than that of P3Fp2. The site
and strength of brain modulation is not a simple function
of electrode locations or a distance between them.
Rather it is based on a complex relationship between
electrode position and size, relative distance between
electrodes, anatomical features, and tissue properties.
A recent study by DaSilva et al. [2012] reported
significant current flow in multiple cortical and
subcortical regions associated with migraine patho-
physiology. Other model-based studies such as Sadleir
et al. [2010] and Parazzini et al. [2011, 2012] also
reported significant current flow through inner cortical
and deep brain structures under conventional mon-
tages. These assessments are consistent with the
imaging studies [Lang et al., 2005; Antal et al., 2011;
Polanía et al., 2011; Zheng et al., 2011]. The main
question is whether the modulation of the Limbic
system and Basal ganglia is a result of the direct-
effect, the after-effect of modulation or the combina-
tion of both? Further research is required to explore
this phenomenon.
The dependence of an E-field on directional
conductivity was estimated by comparing the field
distribution of the isotropic model I1 with three
different anisotropic models (I2, I3, and I4), under
C3Fp2 montage. Compared to the differences in-
curred by the anisotropic WM, the inclusion of
anisotropy in the GM and sub-cortical regions (I2 vs.
I4) increased the differences in the E-field from 5% to
34% in the brain and 340% across the selected
subcortical regions. These differences highlight the
significance of GM and subcortical anisotropy in field
estimations.
In agreement with Parazzini et al. [2011], it was
observed that the maximum amplitude would be
located around the superficial layers of the cortex.
However, non-negligible differences were observed
between the GM and WM of isotropic model I1. This
contradiction is due to the fact that the authors used
almost identical tissue conductivity values for the GM
and WM whereas, in this study the conductivity
assigned to GM was relatively higher than that
assigned to WM. In subcortical structures, a similar
trend in terms of drop in the strength of E-field was
observed. Subcortical regions showed noticeable
strength in the E-field. An important issue in predic-
tive modeling is the accurate representation of dielec-
tric properties of cortical tissues. Due to the lack of
consensus in values reported in the literature, it
remains a challenge. These uncertainties in dielectric
values will have a strong influence on the strength and
distribution of induced E-field. For example, compari-
son between models (I3I1) and (I4I1) showed
substantial differences in the strength and distribution
patterns of E-field. These variations are attributed to
the differences in GM and sub-cortical conductivities
of model I3 and I4.
WM is composed of highly parallelized fiber
bundles that are detectable at macroscopic scale (voxel
level), therefore, their diffusion profile can satisfactorily
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be represented by a symmetric second rank diffusion
tensor. GM, in contrast, is composed of multiple
cell types: axons projections and dendritic fibers. At
the sub-voxel level (microscopic scale), these axons
and dendritic fibers project in specific directions,
however, such orientations are not detectable at a
voxel scale (12mm3). Under the pulsed gradient
spin echo-based sequences regions associated
with fiber crossings (WM) and GM appear close to
isotropic.
The study by Logothetis et al. [2007] emphasized
the homogeneity of conductivity in the GM of a
monkey. However, studies by Hoeltzell and Dykes
[1979] and Goto et al. [2010] showed the evidence of
anisotropy in the somatosensory cortex of a cat and
somatosensory barrel cortex of Wistar rats, respective-
ly. It is possible that some of these variations are
species dependent. However, the study by Logothetis
et al. [2007] has some limitations as highlighted by
Goto et al. [2010]. With homogeneous conductivity in
GM, the spatial proliferation of local field potential
(LFP) must be directionally independent, whereas,
Goto et al. [2010] reported directional dependency of
conductivity distribution with vertical conductivity
being twice as the horizontal conductivity. Studies
such as Wang et al. [2005] and Kajikawa and
Schroeder Charles [2011], reported LEPs correspond-
ing to the vertical volume conduction of layer IV to
reach the cortical surface. These studies highlight the
existence of anisotropy at micromeso scale.
Despite the obvious limitation of anisotropic
apparent diffusion tensor, this study shows significant
differences in E-field profiles of models I2 and I4.
These variations support the findings of Goto et al.
[2010] and suggest the need for additional improve-
ments in the conductivity estimation profile to better
understand the behavior of the E-field in cortical
modulation. Further improvement can be made in the
field assessment across brain regions suffering from
partial volume effect (PVE) by utilizing some advance
DTI processing algorithms such as those discussed by
Kun et al. [2008]. The convoluted and inter-crossing
branches of cortical neurons make it impossible to
estimate actual fiber paths in low FA regions. To
improve conductivity estimates, it would be imperative
to overcome the limitation of fiber crossing by using
orientation distribution function (ODF) which can be
employed to characterize the diffusion distribution
[Yeh and Tseng, 2011]. Diffusion data may be
acquired using high-resolution diffusion imaging
(HARDI) scheme [Tuch et al., 2002] or diffusion
spectrum imaging (DSI) [Wedeen et al., 2008]. Alter-
natively, model-free reconstruction methods such as
Q-ball [Tuch, 2004] with DSI can be used to estimate
the diffusion probability and diffusion ODFs. The
additional enhancement would resolve the issue of
fiber crossing and provide further refinement in
conductivity estimation in low FA regions. Such an
improvement would be highly valuable to trace actual
current paths at measo-microscopic scale. This refine-
ment can be integrated into predictive models to study
not only the new protocols specifically designed for
superficial cortical regions, such as high-definition-
tDCS [Datta et al., 2009], but also to elucidate the
orientation specificity of different electrode montages
and their impact on the electrophysiological response
of cortical neurons. By integrating fiber tractography
(neural/axonal morphology) with finite element mod-
els and incorporating the mathematical models of
neural responses and membrane kinetics, it would be
possible to understand the electrophysiological re-
sponse of different types of neurons under an external-
ly induced electric field. Improvement in conductivity
estimation will give clinicians a deeper understanding
of field behavior across the target regions, thus
enabling them to devise safer and more effective
protocols for electrotherapies.
Some studies have considered the skull as a
homogeneous anisotropic region [Wolters et al., 2006;
Suh et al., 2010, 2012]. Anatomically, the human skull
is composed of three distinguishable regions, spon-
giosa (spongy cancellous bone) enclosed in cortical
bone, and the idea of skull directional conductivity is
associated with its layered composition. A recent study
by Sadleir and Argibay [2007] reported such a scheme
to be suboptimal, therefore, a more accurate approach
would be to model the skull region using co-registered
computed tomography (CT) scans, into three, conduc-
tivity wise different regions. Due to the unavailability
of averaged CT scan, the skull was modeled as a
homogeneous isotropic layer in this study. Using a
spherical model, Rampersad et al. [2012] highlighted
the significance of the radial part of skull conductivity
in shaping the current through the skull region. The
study, thus, justified the replacement of three-layered
model by a single isotropic region.
The strength of the proposed model lies in its
ability to mimic the actual representation of tissue
electrical behavior along with structural details and
anatomical accuracy. This study involved comparisons
between different models (conductivity profiles) hav-
ing significant differences in their E-field distribution
patterns. These variations support the hypothesis that
further improvements in field (E/J) estimates can be
achieved by considering refinements in volume con-
ductor models. The use of four conventional electrode
montages showed that the effect of anisotropy on the
site and strength of stimulation is highly montage
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dependent. Therefore, in our opinion, it is not justifi-
able to speculate on the role of tissue anisotropic
behavior by just relying on a single electrode montage.
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